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Experiments at the Juelich Cooler Synchrotron (COSY) have now found compelling evidence for a 
new resonant state in the two-baryon system with mass 2380 MeV and a width of 70 MeV. The struc¬ 
ture, containing six valence quarks, constitutes a so-called dibaryon, either a hexaquark or a hadronic 
molecule. The new particle denoted now (f*(2380) has quantum numbers I{J^) = 0(3^). The present 
knowledge about the d* dibaryon as well as other implications and possible future experiments are 
discussed. 

KEYWORDS: dibaryon, hexaquark, hadronic molecule 


1. Introduction 

Despite their long painful history [1,2] dibaryon searches (where ’’dibaryon” means a state with 
baryon number B = 2 without inference on its internal structure [hexaquark/baryonic-molecule]) 
have recently received new interest. This has been motivated by the recognition that there are more 
complex quark configurations than just the familiar qq and qqq systems. The ’’hidden color” aspect 
makes dibaryons a particularly interesting object in QCD [3]. 

The recent exclusive and kinematically complete measurements performed by the Wasa-at-COS Y 
collaboration together with the partial wave analysis of the SAID group demonstrated that there is 
a resonance pole at (2380 ± 10) - /(40 ± 5)) MeV in the G 3 coupled partial waves of np 

scattering [4-6]. This finding mafches perfecfly wifh fhe 7(7^) = 0(3‘'‘) resonance sfrucfure observed 
af = 2.38 GeV and widfh of 70 MeV in fhe fofal cross secfion of four fwo-pion production 
reacfions [7-11]. Having revealed fhe pole in fhe np scallering amplifudes means fhaf fhis resonance 
sfrucfure consfifufes a genuine ^-channel resonance in fhe sysfem of fwo baryons. If has been denofed 
since fhen by 7*(2380) following fhe nomenclafure used for nucleon excifafions. One could naively 
expecf 7* (2380) fo be a so-called ’’delfaron” denoting a deuferon-like bound sfafe of fwo As. Indeed 
fhe decay properties of fhe d* dibaryon appear fo be driven by fhe A - A componenf of fhe 7*(2380) 
wave funclion. However if seems likely fhaf fhe main pari of fhe d* wave functions is fhe hidden color 
six-quark sfafe, barely coupled fo ordinary mailer, which could provide fhe 7* (23 80) ils narrow widfh. 
According fo recenl evalualions fhe 7* (2380) spends 2/3 of ils lime as a hexaquark and fhe resl as a 
A - A molecule [12,13] (note fhaf a perfecl 7(7^) = 0(3''‘) hexaquark would have 4/5 of fhe six-quark 
componenf and 20 percenl of A - A [14]). 

2. Experimental evidences for a dibaryon resonance 

The golden reaclion channel for fhe observafion of fhe 7*(2380) fumed oul fo be pn dn^n^, due 
fo fhe absence of fhe isoveclor background (presenf in pn djt^T:~) and only moderate conlribulions 
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Table I. Experimental branching ratios (BR) of the t/*(2380) resonance into its decay channels 


d* decay channel 

Decay branch % 

dn%^ 

14(1) 

dn^n~ 

23(2) 

ppn^jjp 

6(1) 

nnn^TiP 

6(1) 

pnTjpTjp 

12(2) 

pnjT^TT^ 

30(5) 

pn 

12(3) 

NNn 

< 10 


from conventional processes due to t-channel Roper and AA excitations [15-17]. 

Since WASA has been the only detector with a nearly full solid angle coverage for both charged 
and neutral particles, which was placed at a hadron accelerator, it is of no surprise that there were no 
adequate pn dn^iiP data from previous measurements. Thus it was left to the WASA Collaboration 
to reveal the pronounced Lorentzian energy dependence sitting upon an only small background in the 
total cross section of this channel. 

Due to the much higher level of conventional two-pion production background in the non-fusion 
reactions, i.e. ppn~TiP, pnn^^n^ and pnn^n~, a determination of the d* decay branches from 

these reactions is not easy. As well as the interpretation the experimental extraction is challenging, 
involving neutron in the initial state, final state or both. Nevertheless such measurements could be 
successfully performed by the Wasa collaboration. The d* dibaryon decay properties were evaluated 
in Ref. [18]. They are summarized in Table 1. 

3. Structure of the rf*(2380) 

All the data [4,5,7-11] collected so far suggest that in 88 percent of cases d* decays into AA and 
in 12% to pn [18,19]. It can be further specified fhaf 90% of fhe pn decays proceed via parfial 
wave (angular momenfum L = 2 befween nucleons) and 10% via parfial wave (L = 4) [4,5]. In 
case of fhe AA branch af leasf 5% of fhe decays could be expected fo proceed wifh fwo A’s in relative 
D - wave {L = 2) [20] - a remarkable feafure for fhe 80 MeV sub-fhreshold sysfem. One should also 
note fhaf fhe S - wave AA sysfem can nof decay info fhe L = 4 pn sfafe wifhin one-sfep, whereas fhe 
D - wave A A parf can. So if mighf be reasonable fo assume fhaf af leasf 5% of fhe A A componenf 
in fhe d* wave function is a D - wave A A - very similar fo a deuferon wifh ifs 5% of D - wave 
pn admixfure. The wave funclion of fhe r/*(2380) can fhen be subdivided info 67% hexaquark, 31% 
S - wave AA and 2% D - wave AA configuralion. 

Very recenfly Gal and Garcilazo showed fhaf fhe dynamical process AA ^ Di 2 n AA, where 
Di 2(2150) is fhe 7(7^) = 1(2''‘) NA slate [21,22], leads fo an exfra affraclion in fhe AA system and 
large reducfion of fhe 7(7^) = 0(3''') AA decay widfh. The amounf of Di27i configuration in fhe 
(7*(2380) is nof yel clear. A possible influence of fhis par! on (7*(2380) decay branches still needs 
fo be evalualed. The mosl promising way fo conslrain such a configuralion is a <7* ^ NNn decay 
measuremenl. Indeed, D 12 has a sizable pionless decay branch D 12 NN nicely seen in pp 
D \2 dn^. So single pion decay of fhe d* dibaryon can nalurally arise from fhe d* Di 2 ^ NNn 
process. 

If is absolutely nof clear if diquarks play any role in fhe d* wave function. One can imagine d* as 
a A'*"'" analog, where all n-quarks are subslifuled by axial-vecfor MrZ-diquarks. A measuremenl of fhe 
(7*(2380) Iransilion form-faclor can help fo clarify fhis possibilify. 
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J*(2380) formation within Skyrm model was recently studied in Ref. [23]. 

4. </*(2380) Photoproduction 

Prior to d* form-factor measurements one needs to verify another very important channel - 
yd d*. The reaction yd dn^n^ appears to be attractive, since conventional processes are ex¬ 
pected to be particularly small [24,25] of the order of only 10 nb at Ty = 550 MeV with a smooth 
energy dependence. The next ’’best” two-pion production channel yd dn^n~ has a background 
two orders of magnitude higher with a peak at exactly the position of d* due to the Kroll-Ruderman 
term, unfortunate for d* photoproduction studies. 

A promising way forward is exploit polarisation measurements. The situation in photoproduction 
looks similar to the one in elastic np scattering: the d*(2380) resonance contribution is about 0.17 
mb, which is more than two orders below the total elastic cross section. However, with help of the 
analysing power, which consists only of interference terms in partial waves, it was possible to filter 
out reliably the resonance contribution [4, 5]. The analogous case in photoexcitation of (i*(2380) 
constitute measurements of the polarisation of the outgoing proton in the reactions yd pn. As in 
the analysing power of np scattering the angular dependence of the resonance effect in the polarisation 
of the outgoing proton should be proportional to the associated Legendre polynomial P}^{cos(d) [5]. 
Therefore, the maximal resonance effect is expected to be at a scattering angle of 0 = 90°. In fact, 
such an effect has already been looked for previously by Kamae et al. in corresponding data from 
the Tokyo electron synchrotron [26,27]. In order to describe the observed large polarisations in the 
region of d*(2380) they fitted a number of resonances to the data, among others also a 7^ = 3"^ state. 
However, presumably due to the limited data base they only obtained very large widths for these 
resonances in the order of 200-300 MeV as one would expect from conventional AA excitations. A 
new measurement at MAMI will measure final sfafe polarisation of bofh proton and neufron. 

5. rf*(2380) Electroproduction 

d* elecfroproducfion appears fo be fhe mosf promising way to measure fhe d* fransifion form- 
faclor. One can expecf a subsfanlial difference compared fo phofoproducfion. The simplesf way fo 
excife fhe d* from a deuferon by a single phofon would be fhe coupling of fhe six-quark hidden 
color componenf of fhe deuferon fo fhe one of d*. Due fo fhe exfremely small 6q componenf of fhe 
deuferon (only w 0.15% [28]) fhe yd d* reaction is expecfed fo be highly suppressed. In fhe case 
of elecfroproducfion fhis reaction would be subsfiluled by y*d d*, where y* sfands for a virtual 
phofon creafed in fhe inelasfic elecfron scaffering on fhe deuferon. Buf in addition fo single phofon 
exchange one can have fwo-phofon exchange wifh y*y*d d*. We will lose four orders of magni- 
fude due fo fhe exfra phofon buf gain again fhe same four orders of magnifude by using fhe pn parf 
of fhe deuferon wave function insfead of ifs 6q parf. In such an unusual case one mighf have similar 
sfrengfhs of fhe one- and fwo-phofon excifafion cross-sections leading fo interesting inlerference pal- 
ferns. Inlerference effecls in d* elecfroproducfion can enormously improve our knowledge abouf ifs 
infernal sfrucfure. 

6. rf*(2380) in Nuclei 

Since fhe signafure of Ibis resonance is observed also in fhe double-pionic fusion reactions to 
^He [29,30] and ^He [31], if obviously is robusf enough to survive even in fhe nuclear enviromenf, 
which may have interesting consequences for nuclear mailer under exlreme conditions, especially for 
fhe cases of high densify and low lemperafure. The enhancemenl in fhe dileplon speclrum observed 
in heavy-ion collisions for invarianl eleclron-posilron masses in fhe range 0.15 GeV< Mg+g- < 0.6 
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GeV has recently been traced back to a corresponding enhancement in pn collisions relative to pp 
collisions [32]. Whereas the dilepton spectra from pp collisions are understood quantitatively, the¬ 
oretical descriptions fail to account for the much higher dilepton rate in pn collisions - in particular 
regarding the region Me+e- > 0.3 GeV at beam energies below 2 GeV (”DLS Puzzle” [33,34]). In 
Ref. [35] it has been shown that the missing strength can be attributed to channel n^n~ production, 
see Fig. 5 of Ref. [35], which is dominated by conventional AA excitation due to t-channel meson 
exchange and contributions from r/*(2380). The most notable contribution from (i*(2380) on dilepton 
spectra is expected to happen at T = 1.0 - 1.2 GeV/A. The strongest conventional channel for the 
Me+e- > 0.3 GeV dileptons at this energy is the A resonance expected to be produced rather peripher¬ 
ally leading to very forward-backward peaking nucleon angular distributions. Both d*(2380) and AA 
dilepton production mechanisms from Ref. [35] are expected to have less anisotropic nucleon angular 
distributions. While the pn AA ^ e^e~pn reaction can be verified at Hades with their = 1.25 
GeV data, a measurement of the d*(2380) mediated dilepton yield would require somewhat lower 
energies or better an energy scan over the T = 1.0 - 1.2 GeV/A region. 

Dibaryons are bosons, hence not Pauli-blocked, thus allowing for higher densities of compressed 
nuclear matter. The effect of dibaryons on the equation of state for nuclear matter has been considered 
in various theoretical investigations, see e.g. Refs. [36-39]. So investigation of the r/*(2380) dibaryon 
behaviour in nuclear medium might be an essential step for future neutron star investigations. 

7. Beyond d*(2380) 

There are many predictions of the d*(2380) related dibaryon companions, from d* - n heavier 
member of the d* SU(3) multiplet to the ’’mirror dibaryon” with 7(7^) = 3(0'’'). While the first one 
is outside the WASA-at-COSY detection abilities, the latter one can be investigated. Considering 
(7*(2380) as a deltaron with two As spins aligned, the mirror dibaryon would be a deltaron with anti¬ 
aligned spin of As. Due to its isospin 1 = 3 there should be 7 states with charges from Z = +4 
to Z = -2. Experimentally the most attractive one is the charge Z = +4 dibaryon. It has only one 
decay channel, namely A^’^'^A''"'' ^ ppn^n^ and can be easily measured. The only problem is that it 
cannot be so easily produced. Due to charge and isospin conservation one needs to produce at least 
two additional negative pions. In case of proton-proton collision the reaction pp 
pp2n'*'2n~ is the minimal option to see such an exotic state. Many theorists have calculated properties 
of this resonance candidate starting from the pioneering work of Dyson and Xuong [40] back in 
1964 until very recently [21,22], [41^6]. All calculations predict the mirror dibaryon to be heavier. 
However due to absence of the pn decay branch it could be a bit narrower compared to a d* of 
the same mass. The key observable for this resonance should be a peak in the Mpp„+„+ spectrum, 
which would unavoidably create a reflection peak in the Mpp„-„- spectrum. The reflection peak will 
change its position at different beam energies, whereas the peak in the Mpp,^+„+ spectrum should 
stay in place. So by looking at the Mppj^+„+ - Mpp„-„- difference specfrum af af leasf fwo beam 
energies we mighf defecf fhe dibaryon. The main physical background is expecfed fo come 

from double-V*(1440) producfion. Since fhe Roper resonance prefers fhe V*(1440) ^ A''“*';r“ decay 
over fhe V*(1440) ^ A^tt'*' decay, such kind of background can also create a false asymmefry in fhe 
Mpp 7 T+K+ - Mppjr-n- difference specfrum, which can be also disenfangled by measuring af fwo beam 
energies. The fofal cross-secfion for fhe pp pp2n*2n~ in fhe energy range of inferesf is expected 
fo be very small - below 0.1 pb af Tp = 2.024 GeV, while fhe pp pp7i^n~Ti^ fofal cross section is 
220pb [47]. Three orders of magnifude difference in fhe fofal cross-section befween pp pp2n'^2n~ 
and pp ppn*n~TiP reactions makes if possible fo misidenlify 3n production wifh jiP Dalifz decay 
as a 4ti producfion. No sign of a narrow (T < 150MeV) dibaryon was reporfed so far. 
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8. Summary and outlook 


After a vast number of unsuccessful searches a non-trivial dibaryon resonance has now been 
found and its major decay channels identified. What is missing, is a measurement of its electromag¬ 
netic form factor, in order to learn about the size of this object - whether it is of molecular type or 
a compact six-quark entity. Further experiments at MAINZ and JLab are expected to resolve this 
question. Other dibaryon resonance are waiting to be discovered. 
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